After their assembly in the nucleolus, ribosomal subunits are exported from the nucleus to the cytoplasm. After export, the 20S rRNA in the small ribosomal subunit is cleaved to yield 18S rRNA and the small 5 ITS1 fragment. The 5 ITS1 RNA is normally degraded by the cytoplasmic Xrn1 exonuclease, but in strains lacking XRN1, the 5 ITS1 fragment accumulates in the cytoplasm. Using the cytoplasmic localization of the 5 ITS1 fragment as an indicator for the export of the small ribosomal subunit, we have identified genes that are required for ribosome export. Ribosome export is dependent on the Ran-GTPase as mutations in Ran or its regulators caused 5 ITS1 to accumulate in the nucleoplasm. Mutations in the genes encoding the nucleoporin Nup82 and in the NES exporter Xpo1/Crm1 also caused the nucleoplasmic accumulation of 5 ITS1. Mutants in a subset of nucleoporins and in the nuclear transport factors Srp1, Kap95, Pse1, Cse1, and Mtr10 accumulate the 5 ITS1 in the nucleolus and affect ribosome assembly. In contrast, we did not detect nuclear accumulation of 5 ITS1 in 28 yeast strains that have mutations in other genes affecting nuclear trafficking.
In the nucleolus, ribosomal RNA is transcribed, processed, and assembled with ribosomal proteins to produce ribosomal subunits. The small ribosomal subunit is composed of ∼32 ribosomal proteins and an 18S rRNA. The large subunit is composed of ∼45 ribosomal proteins and 5S, 5.8S, and 25S rRNAs (Warner 1971; Otaka and Kobata 1978; Vershoor et al. 1998 ). In the budding yeast Saccharomyces cerevisiae, RNA polymerase III transcribes the 5S rRNA, whereas RNA polymerase I transcribes the 35S pre-rRNA. 18S, 5.8S, and 25S rRNAs are processed from the 35S pre-rRNA through a number of endocytic and exocytic cleavages ( Fig. 1 ; for review, see Venema and Tollervey 1995) . Ribosomal proteins are translated in the cytoplasm, imported into the nucleus, and assembled with the rRNA while the rRNA is being processed. At least 40 ribosomes must be made every second in a yeast cell with a 90-min generation time (Tollervey et al. 1991) . On average, this represents the nuclear import of 3100 ribosomal proteins every second and the export of 80 ribosomal subunits out of the nucleus every second. Thus, a significant fraction of nuclear trafficking is used in the production of ribosomes.
Ribosomal subunit export has been studied in vivo in Xenopus oocyte nuclei microinjected with ribosomal subunits and in vitro using isolated Tetrahymena nuclei. In these experiments, ribosomal subunit export has been shown to be an active process that is temperature and energy dependent (Giese and Wunderlich 1983; KhannaGupta and Ware 1989; Bataillé et al. 1990; Pokrywka and Goldfarb 1995) . Ribosome transport is unidirectional in that cytoplasmic ribosomes do not enter the nucleus (Bataillé et al. 1990) . Ribosomal subunit export is saturable, but at saturating levels of ribosomal subunits, export of tRNA is not affected (Bataillé et al. 1990; Pokrywka and Goldfarb 1995) . This suggests that ribosomal subunit export requires transport factors that specifically recognize ribosomes. Xenopus nuclei are capable of exporting ribosomes from yeast, Tetrahymena, and Escherichia coli (Bataillé et al. 1990; Pokrywka and Goldfarb 1995) , indicating that the ribosome export machinery recognizes common structural motifs present on all ribosomes.
All macromolecular transport into or out of the nucleus occurs through the nuclear pore complex (NPC). In yeast, the nuclear pore is a 66-MD complex composed of proteins called nucleoporins (for review, see Davis 1995; Fabre and Hurt 1997) . Although smaller proteins may diffuse across the NPC, active transport probably accounts for most macromolecular movement between the nucleus and the cytoplasm. The best studied substrates for nuclear import are proteins containing positively charged nuclear localization signals (NLS). The NLS is recognized by a heterodimer composed of ␣ and ␤ subunits and termed importin/karyopherin. The trimeric cargo/importin complex docks at the NPC, translocates through the pore, and is then disassembled (Adam and Adam 1994; Moore and Blobel 1994; . The binding of Ran-GTP to importin ␤ is believed to trigger the dissociation of the importin ␣/␤/ NLS protein complex. Ran-GTP is predicted to predominate in the nucleus and Ran-GDP in the cytoplasm, as the exchange factor for Ran (termed Rcc1 or Prp20 in yeast) is localized to the nucleus and the Ran-GTPaseactivating protein (termed Rna1) is localized to the cytoplasm (Hopper et al. 1980; Corbett et al. 1995; Gö rlich et al. 1996; Izaurralde et al. 1997) . This gradient of Ran-GTP to Ran-GDP is believed to impart directionality to nuclear transport. According to a current model of nuclear trafficking, ␤s functioning in import can bind their cargo in the presence of Ran-GDP but not Ran-GTP (Gö rlich 1998). Conversely, ␤s functioning in export can only bind their cargo while bound to Ran-GTP. After export through the NPC, hydrolysis of Ran-GTP to produce Ran-GDP results in the disassembly of the ␤ and its cargo in the cytoplasm.
Yeast have at least 14 importin ␤ family members and each of these ␤s is believed to be either a nuclear importer or exporter. Mutants have been generated in many of the corresponding genes and the transport of various cargoes analyzed in vivo (Koepp et al. 1996; Fornerod et al. 1997; Rout et al. 1997; Schlenstedt et al. 1997; Seedorf and Silver 1997; Stade et al. 1997) . For example, XPO1/ CRM1 encodes the export receptor for proteins with leucine-rich nuclear export sequences (NES). PSE1/KAP121 and PSE1/KAP123 have been implicated in the import of the ribosomal protein RPL25 and genetic analysis indicates that their functions are at least in part redundant. The import of ribosomal proteins in mammalian cells has also been shown to be a highly redundant process. Four different importin ␤s have been found to be able to import independently three different ribosomal proteins (Jä kel and Gö rlich 1998).
In this paper, we present an assay to study the export of the small ribosomal subunit. By monitoring the export of the rRNA in the small ribosomal subunit, we have determined the roles of nuclear transport factors and nucleoporins in ribosome export. We show that we can distinguish between mutations that affect early ribosomal assembly versus those that affect the export of assembled small ribosomal subunits.
Results

Small ribosomal subunit export assay
To assay ribosomal subunit export, we have taken advantage of the unidirectional transport of rRNA out of the nucleus and the cytoplasmic maturation of the small ribosomal subunit in yeast. In S. cerevisiae, the 43S preribosomal subunit is assembled in the nucleolus before export to the cytoplasm (Udem and Warner 1973) . In the cytoplasm, the 20S rRNA in this 43S complex is cleaved by an endonuclease (Stevens et al. 1991) . This cleavage produces the mature 18S rRNA and a 209-to 210-base fragment, the 5Ј ITS1 (diagrammed in Fig. 1 ). The 5Ј ITS1 (internal transcribed spacer 1) fragment is then degraded by the 5Ј-3Ј exonuclease Xrn1 (Stevens et al. 1991) . In strains lacking XRN1, the cleaved 5Ј ITS1 fragment accumulates in the cytoplasm. Thus, the cytoplasmic localization of the 5Ј ITS1 should reflect the export of the small ribosomal subunit.
We have developed an in situ hybridization assay to monitor the localization of the 5Ј ITS1 rRNA. In brief, a digoxigenin-labeled 5Ј ITS1 probe was generated and used to probe formaldehyde-fixed yeast cells (see Materials and Methods) . In wild-type cells, a single discrete region of the nucleus hybridized with the probe (Fig. 2b) . This region corresponds to the nucleolus as determined by costaining with an antibody against the nucleolar protein Nop1 (Fig. 2c,d ). In yeast, the nucleolus is a crescent-shaped structure that occupies approximately onethird of the nucleus (Fig. 2c) and is physically separate from chromosomal DNA (Fig. 2a) . The localization of 5Ј ITS1 to the nucleolus was expected because this is the site of rRNA transcription and ribosomal assembly. Only a weak signal for the 5Ј ITS1 can be seen in the cytoplasm.
Because the 5Ј ITS1 rRNA is degraded in the cyto- The 5Ј ETS undergoes endonucleolytic cleavages to yield the 33S pre-rRNA and then the 32S pre-rRNA. The ITS1 in the 32S pre-rRNA is cleaved to produce the 20S rRNA and the 27S rRNA. The 27S rRNA is processed through one of two pathways to produce the mature 5.8S and 25S rRNAs. The different pathways produce 5.8S rRNAs with different lengths (long or short). The final maturation of the 20S rRNA occurs in the cytoplasm. In the cytoplasm, an endonucleolytic cleavage produces the mature 18S rRNA and a 209-to 210-base fragment, the 5Ј ITS1. The 5Ј ITS1 fragment is then degraded by the exonuclease XRN1 (for review, see Venema and Tollervey 1995) .
plasm by Xrn1, we proceeded to perform the in situ assay on cells lacking XRN1. To accomplish this, we took advantage of the fact that XRN1 is not essential for growth in yeast. In ⌬xrn1 strains, the 5Ј ITS1 signal is distributed throughout the cytoplasm (Fig. 2f ) as opposed to the mostly nucleolar localization observed in XRN1 wildtype cells (Fig. 2b) . The 5Ј ITS1 signal is decreased in areas occupied by DAPI-stained chromosomal DNA and the vacuole (Fig. 2e,h ). The 5Ј ITS1 fluorescent signal in ⌬xrn1 and XRN1 cells is RNA dependent, as treatment with RNase A abolishes detectable signal (data not shown). Thus, the cytoplasmic localization of the 5Ј ITS1 rRNA reflects the localization of the small ribosomal subunit as one would predict.
To further confirm the utility of the in situ assay, we analyzed the distribution of the 5Ј ITS1 in a number of mutant strain backgrounds. Strains lacking XRN1 are not temperature sensitive, and the distribution of 5Ј ITS1 rRNA remains cytoplasmic at 37°C (Fig. 3A, g ) and at 15°C (data not shown). Therefore, we were able to disrupt XRN1 in strains that have temperature-sensitive (ts − ) defects in factors known to affect ribosome assembly and observe the distribution of 5Ј ITS1 at permissive and restrictive temperatures. A ts − mutation that affects the assembly of the small ribosomal subunit will not be able to export the ribosomal subunit from the nucleus. Consequently, such a mutant should lose cytoplasmic 5Ј ITS1 signal when shifted to the restrictive temperatures. On the other hand, a conditional mutation that only affects the assembly of the large ribosomal subunit might not be expected to have impaired export of the small ribosomal subunit. Thus, the localization of 5Ј ITS1 rRNA should not change in this type of mutant at restrictive temperatures.
Therefore, the localization of the 5Ј ITS1 rRNA was examined in mutants defective in large ribosomal subunit assembly. dob1-1 is reported to have defects in assembly of the large ribosomal subunit because 5.8S rRNA is not processed efficiently from 7S rRNA (de la Cruz et al. 1998) . mtr4-1 is another allele of DOB1, and this strain has a mRNA export defect at restrictive temperatures (Liang et al. 1996) . dob1-1 ⌬xrn1 and mtr4-1 ⌬xrn1 strains were constructed by transforming dob1-1 or mtr4-1 cells with a PCR product that removes the XRN1 coding region by homologous recombination. The 5Ј ITS1 fluorescent in situ hybridization assay was carried out with dob1-1 ⌬xrn1 and mtr4-1 ⌬xrn1 strains grown at permissive temperatures or shifted to restrictive temperatures. No difference in 5Ј ITS1 localization can be seen in shifted or unshifted cells (Fig. 3B , i,k; data not shown for dob1-1). However, defects in rRNA processing and mRNA export have been reported to occur under these conditions. This result demonstrates that localization of 5Ј ITS1 is not affected nonspecifically by temperature-sensitive mutations. Furthermore, this result indicates that export of the small ribosomal subunit is independent from the assembly of the large ribosomal subunit.
Next, we examined the distribution of the 5Ј ITS1 rRNA in fal1-1 mutants, which are defective in the assembly of the small ribosomal subunit (Kressler et al. 1997) . Fal1 is required for the maturation of the 18S rRNA; depletion of Fal1 results in the inhibition of early rRNA cleavage events and the accumulation of an aberrant 23S rRNA (Kressler et al. 1997) . Because fal1-1 strains, at the restrictive temperature, are blocked in rRNA processing at a step before ribosome subunit export, the 5Ј ITS1 fragment is not expected to be transported to the cytoplasm. When 5Ј ITS1 was localized in fal1-1 ⌬xrn1 strains shifted to the restrictive temperature, 5Ј ITS1 signal accumulated strongly in the nucleolus, whereas the cytoplasmic 5Ј ITS1 signal decreased significantly (Fig. 3B, m,o) . This accumulation is dependent on the temperature sensitivity of fal1-1, as at permissive temperatures, the 5Ј ITS1 signal is distributed throughout the cytoplasm and the nucleolus (Fig. 3B , m,n). We have localized the 5Ј ITS1 rRNA in other mutants defective in the assembly of the small ribosomal subunit. XRN1 was disrupted in drs2-1, drs3-1, nop1-3, and nsr1 mutants (Kondo et al. 1992; Ripmaster et al. 1993; Tollervey et al. 1993) , and these strains also accumulated 5Ј ITS1 in the nucleolus at restrictive temperatures (data not shown).
In sum, we have developed what we will term the small ribosomal subunit export assay. The distribution of 5Ј ITS1 rRNA is visualized by immunofluorescence microscopy in strains lacking XRN1; this acts as an indicator for the proper assembly and export of the small ribosomal subunit. Using this assay, we can examine conditional mutations that accumulate the 5Ј ITS1 in the nucleus at restrictive temperatures. This accumulation may be due to a direct inhibition of ribosomal subunit export, a defect in ribosome assembly, or an indirect result of the conditional mutation. The first two possibilities can be distinguished from each other by examining rRNA processing, which is tightly linked to ribosomal assembly. If ribosomal subunit export is specifically blocked, the 43S preribosomal subunit should be trapped in the nucleus. Therefore, the 20S rRNA in this complex is expected to accumulate in the nucleus. If ribosomal assembly is blocked by defects in rRNA processing, aberrant forms of rRNA should accumulate as is the case for the fal1-1 and dob1-1 strains. If ribosomal assembly is blocked by the depletion of a ribosomal protein, rRNA processing is inhibited and unassembled rRNA and ribosomal proteins are quickly degraded (Gorenstein and Warner 1977; Moritz et al. 1990 ).
Ribosome export requires the Ran-GTPase
The small ribosomal subunit export assay was carried out on prp20-1, rna1-1, and yrb1-1 strains. Prp20 is the Ran-GDP exchange factor (RanGEF), Rna1 is the RanGTPase-activating protein (RanGAP), and Yrb1 (yeast Ran binding protein 1) enhances RanGAP activity in the cytoplasm (Cheng et al. 1995; Corbett et al. 1995; Schlenstedt et al. 1995a) . At the permissive temperature, the 5Ј ITS1 rRNA is distributed throughout prp20-1, rna1-1, and yrb1-1 cells (Fig. 4A , b,h,n). After a 1-hr shift to 37°C, >95% of prp20-1 and rna1-1 cells show accumulation of the 5Ј ITS1 rRNA to an area that encompasses DAPI-stained chromosomal DNA ( Fig. 4A e,k). This accumulation is confined within the nuclear envelope, because it is within the area delineated by nucleoporins and is not restricted to the nucleolus (data not shown). A majority of shifted yrb1-1 cells also accumulate the 5Ј ITS1 to the entire nucleus, but some yrb1-1 cells accumulate the 5Ј ITS1 only to the nucleolus (Fig.  4A q) . For prp20-1 and rna1-1 cells, the nuclear accumulation of 5Ј ITS1 is detectable after a 10-min shift to 37°C. The intensity of the cytoplasmic 5Ј ITS1 signal decreases after the temperature shift and after a 20-min shift, ∼75% of the cytoplasmic signal has disappeared (data not shown). Almost no detectable cytoplasmic signal is present after a 1-hr shift to 37°C (Fig. 4A e,k,q). The signal for the 5Ј ITS1 in the nucleus of shifted prp20-1 cells persists for >4 hr. Overexpression of the Ran mutant gsp1 G21V, which is incapable of GTP hydrolysis (Schlenstedt et al. 1995b) , also caused 5Ј ITS1 to accumulate in the nucleus (data not shown).
When prp20-1 cells are shifted to 37°C, the nucleolus fragments; Nop1 is redistributed to 2 to 5 foci inside the nucleus (Aebi et al. 1990; Kadowaki et al. 1994) . To determine whether the nuclear accumulation of 5Ј ITS1 corresponded to the expanded distribution of the nucleolar protein Nop1, a three-dimensional image of 5Ј ITS1 and Nop1 localization was produced (Fig. 4B ). 5Ј ITS1 is clustered around the nuclear periphery, whereas the cen-ter of the nucleus has decreased 5Ј ITS1 signal (Fig. 4B a) . Foci stained with anti-Nop1 antibodies also have decreased 5Ј ITS1 signal (Fig. 4B b, c) . This indicates that the expanded nuclear signal for 5Ј ITS1 is not simply attributable to the expanded localization of a nucleolar protein.
To verify that the export of the small ribosomal subunit is defective, rRNA processing in prp20-1, rna1-1, and yrb1-1 strains was examined. Cells were pulse-labeled with [
3 H]methionine for 3 min and then chased with excess unlabeled methionine for up to 10 min. In wild-type yeast cells (PRP20), 35S rRNA is quickly converted to 27S and 20S pre-rRNAs. After 3 min of chase, wild-type cells convert almost all of these precursor rRNAs to the mature 25S and 18S forms (Fig. 5A , diagrammed in Fig. 1 ). At permissive temperatures, prp20-1 can process rRNA normally, but at restrictive temperatures prp20-1 accumulates 20S rRNA (Fig. 5A) . No significant conversion of 20S rRNA to 18S rRNA occurs in shifted prp20-1 cells during 3 min of chase. In contrast, PRP20 (PSY580) cells, shifted to 37°C, completely convert 20S rRNA to 18S rRNA within this time period (Fig.  5A ). We have found that rna1-1, when shifted to 37°C for 10 min, also accumulates 20S rRNA (data not shown). yrb1-1 cells shifted to 37°C for 10 min have a delay in conversion of 20S rRNA to 18S rRNA, where no conversion is detectable after 3 min of chase, but after 10 min of chase, almost all of the 20S rRNA has been converted to 18S rRNA (data not shown).
To determine whether the 20S rRNA in shifted prp20-1 cells is assembled into the small ribosomal complex, we used sucrose gradients to fractionate lysates from shifted, pulse-labeled PRP20 and prp20-1 cells. 60S and 40S peaks representing the large and small ribosomal subunits were collected (Fig. 5B ) and RNA purified from these fractions was separated on formaldehyde-agarose gels (Fig. 5C ). As expected for wild-type cells, 18-20S rRNAs were purified from the 40S fraction and 25-27S rRNAs were purified from the 60S fraction. In prp20-1 cells, 20S rRNA is present in the 40S fraction but not in the 60S fraction or in the soluble fraction that did not enter the gradient (Fig. 5C ). These data indicate that the 20S rRNA is assembled into a preribosomal complex. In total, the blocked conversion of 20S to 18S rRNA and the rapid onset of nuclear accumulation of 5Ј ITS1 at restrictive temperatures suggest that the Ran-GTP cycle is involved directly in ribosome export.
Ribosome export requires a subset of nucleoporins
The small ribosomal subunit export assay was carried out on 17 strains containing mutations in genes encod- ing nucleoporins (Fabre and Hurt 1997) . Eleven nucleoporin mutants accumulated 5Ј ITS1 in a similar pattern as strains defective in small ribosomal assembly; these mutants accumulated 5Ј ITS1 in the nucleolus at restrictive temperatures (Table 1 ). The intensity of nucleolar accumulation varied from mild to severe and three representative mutants are shown in Figure 6A . nup84 − (Fig.  6A e-h), nic96-1, nsp1, nup120/rat2-2, rat3-1/nup133 (Fig. 6A i-l) , and nup49-313 accumulate 5Ј ITS1 in the nucleolus only at 37°C, whereas nup1-8 and nup116-5 show accumulation at 25°C and 37°C (not shown). Strains lacking nup2, nup100, or nup170 are not temperature sensitive and do not have detectable growth defects at any condition tested (Wente et al. 1992; Loeb et al. 1993; Aitchison et al. 1995 ). Yet nup2-4 (Fig. 6A a-d) , ⌬nup100, and nup170-1 (not shown) mutants have a mild accumulation of 5Ј ITS1 in their nucleolus after growth at 37°C for 3 hr. To rule out the possibility that the nucleolar accumulation in these strains was attributable to a stress response, we localized 5Ј ITS1 in ⌬xrn1 cells subjected to heat shock conditions. No changes in 5Ј ITS1 localization were observed under these conditions (data not shown).
We have found that both nup2-4 and nup170-1 strains have defects in rRNA processing. In pulse-chase experiments, nup2-4 (Fig. 7A ) and nup170-1 (not shown) have a delay in processing of 35S rRNA. More 35S rRNA is detectable in nup2-4 cells during the pulse-labeling and after 3 min of chase than in NUP2 + cells (PSY580; Fig. 7 ). The nucleoporin mutant nup49-313 also accumulates higher molecular weight forms of rRNA and an aberrant 23S rRNA in pulse-chase experiments (Hurt et al. 1999) . The slowed processing of high molecular weight rRNAs presumably occurs in the nucleolus and may be what is detected by the small ribosomal subunit export assay.
No nuclear accumulation of 5Ј ITS1 was detected in gle2 − /nup40 (Fig. 6B n,p) , nup42/rip1 − , nup157-2, rat7-1/nup159 (Fig. 6B r,t) , or seh1 − strains (data not shown). rat7-1/nup159 has a partial defect in mRNA export at permissive temperatures and a severe block in mRNA export after a 15-min shift to 37°C (Gorsch et al. 1995) . No accumulation of 5Ј ITS1 was detected after shifting rat7-1/nup159 cells to 37°C for up to 4 hr.
The small ribosomal subunit export assay was carried out on the nup82⌬108 strain (Hurwitz and Blobel 1995) . In contrast to the nucleoporin mutants that only accumulate 5Ј ITS1 in the nucleolus, we found one-third of nup82⌬108 cells accumulate the 5Ј ITS1 rRNA in their entire nucleus (Fig. 6C) . In pulse-chase experiments, nup82⌬108 cells have a delay in processing 35S, 27S, and 20S rRNAs when shifted to restrictive temperatures (Fig.  7A) .
Ribosome export requires a subset of importin ␤s
The small ribosomal subunit export assay was carried out on 13 ␤ mutants and the importin ␣ mutant srp1-31 (Table 1) . Pse1 is an importin ␤ that functions as an import receptor for ribosomal proteins (Rout et al. 1997; Schlenstedt et al. 1997 ; Jä kel and Gö rlich 1998). When pse1-1 cells are shifted to restrictive temperatures, the 5Ј ITS1 rRNA accumulates in the nucleolus. The intensity of the cytoplasmic 5Ј ITS1 signal in pse1-1 cells diminished by half after a 5-hr temperature shift (Fig. 8A f,h) . In pulse-chase experiments, pse1-1 cells show a delay in rRNA processing; 35S, 27S, and 20S rRNAs are clearly visible after 3 min of chase, whereas in wild-type strains these precursor RNA forms are almost completely processed (Fig. 7A,B) .
Importin ␤/Kap95/Rsl1 and importin ␣/Srp1 are also involved in the import of ribosomal proteins (Jä kel and Gö rlich 1998) and Cse1/hCAS is the export receptor for Figure 5 . rRNA processing of wild-type (PRP20) and prp20-1 cells. (A) rRNA processing by pulse-chase analysis. PRP20 and prp20-1 cells were grown at permissive temperatures or shifted to 37°C for 10 min. Cells were pulse-labeled and chased for 0, 3, or 10 min. RNA was extracted and run on a formaldehydeagarose gel. The time points of the chase are labeled above each lane. (B) Fractionation of ribosomal subunits by sucrose gradient centrifugation. PRP20 and prp20-1 cells were shifted to 37°C for 10 min. A 254 nm was used to detect the peaks of the 60S and 40S ribosomal subunits. Fractions for the 60S, 40S, and soluble proteins were collected. (C) rRNA present in the 60S, 40S, and soluble fractions were separated on formaldehyde-agarose gels. Total rRNA is also shown.
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importin ␣/Srp1 Hood and Silver 1998). srp1-31, rsl1-4 , and cse1-1 strains accumulate the 5Ј ITS1 in the nucleolus at restrictive temperatures (Fig.  8A a-d ; data not shown). Using pulse-chase analysis, we have found that cse1-1 and rsl1-4 cells have defects in rRNA processing (data not shown). In cse1-1 and rsl1-4 cells, the 35S and 32S forms of rRNA accumulate during the pulse-labeling, whereas in wild-type strains these high molecular weight RNAs are barely detectable. The defects in rRNA processing and the accumulation of 5Ј ITS1 in the nucleolus of these strains suggest that ribosomal assembly is inhibited.
Mtr10 is an importin ␤ that acts as an import receptor for the heterogenous nuclear ribonucleoprotein (hnRNP) Npl3p Senger et al. 1998) . mtr10-1 cells have a mRNA export defect and a defect in rRNA processing (Kadowaki et al. 1994) . mtr10-1 cells weakly accumulate 5Ј ITS1 in the nucleolus at restrictive temperatures (Fig. 8A i-l) . In contrast, a mutation in NPL3 does not cause 5Ј ITS1 to accumulate in the nucleolus, although this mutation causes an mRNA export defect (Table 1 ; data not shown).
No accumulation of 5Ј ITS1 was detected for ⌬los1, ⌬lph2, kap104-16, ⌬kap123, ⌬msn5, ⌬nmd5, ⌬sxm1, or ⌬ygl241 strains (Hurt et al. 1987; Aitchison et al. 1996; Seedorf and Silver 1997; Ferrigno et al. 1998 ; Fig 8B; data not shown). Of these eight ␤ mutants, only the kap104-16 strain is temperature sensitive for growth, whereas the ⌬los1 strain is defective in tRNA export at restrictive temperatures (Aitchison et al. 1996, Sarkar and Hopper 1998) . The los1-1 strain was reported to have normal rRNA processing (Hopper et al. 1980 ). The kap104-16 strain has a slight delay in rRNA processing at restrictive temperatures compared to wild-type (PSY580) cells (Fig.  7B) . Although Kap123 has been implicated in ribosomal protein import, the 5Ј ITS1 did not accumulate in the nucleus of ⌬kap123 cells (Rout et al. 1997 , Schlenstedt et al. 1997 ; data not shown).
The small ribosomal subunit export assay was carried out with xpo1-1 cells and no accumulation of 5Ј ITS1 could be detected at permissive temperatures (Fig. 8C  u,v) or after a 1-hr shift to 37°C. After a 2-hr shift to 37°C, 70% of xpo1-1 cells accumulated the 5Ј ITS1 rRNA in their entire nucleus. After a 4-hr shift, >95% of xpo1-1 cells accumulated the 5Ј ITS1 rRNA in the nucleoplasm (Fig. 8C w,x) . rRNA processing was analyzed for xpo1-1 cells shifted to 37°C for 1 hr or for 4 hr (Fig.  7B ). In xpo1-1 cells shifted for 1 hr, the conversion of 20S rRNA to 18S rRNA appears blocked, whereas the conversion of 27S rRNA to 25S rRNA is delayed. After xpo1-1 cells were shifted for 4 hr, the severity of the rRNA processing defects diminished; 18S and 25S rRNAs were processed more quickly into their mature forms. This adaptation to 37°C could indicate that xpo1-1 is not involved directly in ribosome export or it could indicate that cells have redundant factors involved in ribosome export. We wanted to reconcile the differences in the timing of the rRNA processing defects of xpo1-1 and the onset of 5Ј ITS1 accumulation in xpo1-1 ⌬xrn1. Detecting the nuclear accumulation of 5Ј ITS1 in the small ribosomal subunit export assay requires the degradation of cytoplasmic 5Ј ITS1. A decreased rate of ribosome export may not be detectable with this assay if the export rate exceeds the rate of cytoplasmic 5Ј ITS1 degradation by RNases other than XRN1. Therefore, we used an alternative approach to detect defects in ribosome export; the 5Ј ITS1 was localized in strains possessing functional XRN1. At permissive temperatures, 5Ј ITS1 localizes to the nucleolus (see Fig. 2b ), but if ribosome export is blocked at the restrictive temperature, the 5Ј ITS1 signal should expand to occupy the entire nucleoplasm. This is the case for prp20-1 XRN1 cells as 5Ј ITS1 accumulates in the entire nucleus after a 5-min shift to 37°C (Fig.  9c,d) . No difference in 5Ј ITS1 localization was detected in rat3-1, srp1-31, fal1-1, mtr10-1, rsl1-4 , or wild-type strains at either permissive or restrictive temperatures; 5Ј ITS1 was localized to the nucleolus ( Fig. 9a,b ; data not shown). In xpo1-1 XRN1
+ cells grown at permissive temperatures, most of the 5Ј ITS1 signal is localized to the nucleolus. A small amount of signal is detected throughout the rest of the nucleus (data not shown). After a 5-min shift to 37°C, all of the xpo1-1 cells accumulate the 5Ј ITS1 signal throughout their entire nucleus (Fig.  9e,f) . This result suggests that ribosome export is blocked in these cells.
Discussion
We have developed a new assay to measure the export of the small ribosomal subunit in yeast. By localizing the 5Ј ITS1 rRNA in strains lacking XRN1, we are able to detect defects in ribosome export and assembly. We present evidence that ribosome export is Ran dependent and is affected by mutations in NUP82 and XPO1/CRM1. We also present evidence that ribosome assembly is extremely sensitive to mutations affecting nuclear transport. We found 11 nucleoporin mutants and 6 transport factor mutants that appear to have defects in ribosome assembly.
The small ribosomal subunit export assay is a highly sensitive assay that allowed us to examine the export of endogenous, unmodified ribosomal subunits and identify yeast mutations that affect ribosome export. An advantage of the ribosome export assay is that the transport of rRNA is unidirectional; 20S rRNA is only transported out of the nucleus. A limitation of this export assay is it relies on the null mutation of the XRN1 exonuclease. Strains lacking XRN1 accumulate deadenylated, uncapped messages as a result of decreased degradation of certain messenger RNAs (Hsu and Stevens 1993) . This decreased degradation of mRNA can affect microtubule function, DNA replication, telomere length, and karyogamy (Dykstra et al. 1991; Interthal et al. 1995; Liu et al. 1995) . Nevertheless, we believe the use of the null XRN1 mutation is valid as the action of Xrn1 to degrade the 5Ј ITS1 fragment occurs after the cytoplasmic maturation of the small ribosomal subunit; the null mutation of XRN1 should not interfere directly with ribosome biogenesis. Furthermore, we have shown that the accumu- , c, e, g, i, k, m, o, q, s, u, w and 5Ј ITS1 localization is shown in b, d, f, h, j, l, n, p, r, t, v, x. (A) Nucleoporin mutants that acccumulate 5Ј ITS1 in the nucleolus at restrictive temperatures. nup2-4 ⌬xrn1, nup84 − ⌬xrn1, and rat3-1/nup120 ⌬xrn1 cells were grown at permissive temperatures or shifted to 37°C for 3 hr, 3 hr, or 1 hr, respectively. (B) Nucleoporin mutants that do not accumulate the 5Ј ITS1 in the nucleus. gle2/ nup40 ⌬xrn1 and rat7/nup159 ⌬xrn1 cells were grown at 25°C or shifted to 37°C for 1 hr. (C) 5Ј ITS1 localization in nup82⌬108 ⌬xrn cells grown at 25°C or shifted to 37°C for 4 hr. About a third of nup82⌬108 ⌬xrn1 cells accumulate the 5Ј ITS1 in their entire nucleus. lation of the 5Ј ITS1 to the entire nucleus can be detected in strains with a functional Xrn1 protein. However, for the most part, we used XRN1 null strains in this study because the loss of cytoplasmic 5Ј ITS1 signal was easier to detect than the enlargement of a nucleolar signal.
Evidence that ribosome export is regulated by Ran originated from a study on the rna1-1 mutation. rna1-1 cells have decreased entry of mRNA and rRNA to polysomes at restrictive temperatures (Petersen and Nierlich 1978) . Petersen and Nierlich postulated that Rna1 is involved in the export of both mRNA and rRNA out of the nucleus. In this report, we present more direct evidence that indicates Ran is involved in ribosome export. First, in temperature-sensitive mutants of Ran-GTPase regulators, the 5Ј ITS1 accumulates in the nucleus at restrictive temperatures. Second, the conversion of 20S rRNA to 18S rRNA is blocked in these strains, although the 20S rRNA is assembled into a 40S preribosomal complex. Furthermore, we believe that localization of 5Ј ITS1 can detect the 20S rRNA in the small ribosomal subunit. If this is the case, the clustering of the 5Ј ITS1 RNA around the nuclear periphery may represent small ribosomal subunits that are trapped at the nuclear envelope (Fig. 4B a) .
Shifting prp20-1, rna1-1, or yrb1-1 to restrictive temperatures results in the block of NLS protein import, mRNA export, and tRNA export (Amberg et al. 1993; Schlenstedt et al. 1995b; Sarkar and Hopper 1998) . Therefore, we anticipate that newly synthesized ribosomal proteins will not be able to enter the nucleus at restrictive temperatures. Ribosome assembly will eventually cease after a shift to restrictive temperatures. However, the ribosomal proteins already in the nucleus at the time of the temperature shift should, in principle, be assembled into ribosomal subunits. We believe that these assembled ribosomal subunits dissociate from the nucleolus but remain trapped in the nucleus at restrictive temperatures. In support of this interpretation, the addition of cycloheximide, which immediately inhibits protein synthesis, does not affect assembly of the small subunit until 20 min after cycloheximide addition (Warner 1971) . A pool of ribosomal proteins may exist and the ribosomal proteins in this pool may be in the process of ribosomal assembly.
NUP82 is an essential nucleoporin that has been shown to bind to the nucleoporins NSP1 and NUP159 (Grandi et al. 1995; Belgareh et al. 1998; Hurwitz et al. 1998 .) A carboxy-terminal deletion of 108 amino acids from Nup82 results in a temperature-sensitive strain that has a mRNA export defect but not a NLS protein import defect (Hurwitz and Blobel 1995) . We have found that shifting nup82⌬108 ⌬xrn1 strains to 37°C for 4 hr or shifting nup82⌬108 XRN1 + strains to 37°C for 1 hr results in the accumulation of 5Ј ITS1 in the entire nucleoplasm of these strains (Fig 6C; data not shown) . We do not know whether this nuclear accumulation of 5Ј ITS1 is a direct effect of the nup82⌬108 mutation, as this strain has a partial mRNA export block even at permissive temperatures. The block in rRNA processing of 35S, 27S, and 20S rRNAs in shifted nup82⌬108 cells suggests that both ribosomal assembly and ribosome export are affected by mutations in NUP82.
Two nucleoporin mutations, nup2-4 and nup170-1, display accumulation of 5Ј ITS1 in the nucleolus at 37°C. The corresponding nucleoporins are not essential in yeast and the null allele of each does not have detectable growth defects (Loeb et al. 1993; Aitchison et al. 1995) . No transport defect has been reported for either nup2 or nup170 strains. The rate of ribosome assembly may be slowed in these mutants as they have a decreased rate of rRNA processing. Evidently the rate of ribosome biogenesis is not limiting to the growth rate of these mutants. We hypothesize that strains lacking NUP2 or NUP170 have mild defects in ribosomal protein import. The absence of these nucleoporins may affect the structure of the nuclear pore complex in a subtle manner such that nuclear trafficking is mildly affected.
We found five ␤ mutants that accumulate 5Ј ITS1 to the nucleolus at restrictive temperatures and have delays in rRNA processing. We suggest that these mutants are defective in ribosome assembly at restrictive temperatures. For the srp1, kap95, pse1, and cse1 mutants, ribosome assembly is expected to be inhibited because of defects in ribosomal protein import. However, in these mutants, rRNA processing appears delayed but not completely blocked at restrictive temperatures. Because ribosomal protein import is a highly redundant process that occurs through several importin ␤ receptors, the inhibition of one ␤ may not be sufficient to block ribosome assembly completely. The nucleolar accumulation of 5Ј ITS1 in these mutants may represent rRNAs that are processed more slowly because of less efficient import of ribosomal proteins. However, not all mutants with defects in nuclear trafficking have defects in ribosome export. We did not detect changes in 5Ј ITS1 localization in 28 yeast strains that have mutations in genes affecting nuclear transport. The activities of NPL3, MEX67, MTR2, and RAT8/DBP5 are required for mRNA export, but under conditions where mRNA export is blocked by these mutations, no accumulation of 5Ј ITS1 to the nucleus was detectable (Kadowaki et al. 1994; Lee et al. 1996; Santos-Rosa et al. 1998; Snay-Hodge et al. 1998; Tseng et al. 1998 ). Los1 encodes a transport receptor for tRNA (Hellmuth et al. 1998 ), but no 5Ј ITS1 accumulation was detected in strains lacking Los1. This result supports the findings that rRNA processing in los1-1 cells is normal and that the tRNA export pathway is independent of the ribosome export pathway (Hopper et al. 1980; Pokrywka and Goldfarb 1995) . Protein import or export is affected by the ⌬msn5, ⌬nmd5, and ⌬sxm1 mutations Ferrigno et al. 1998; Kaffman et al. 1998 ), but these defects do not appear to affect ribosome export directly.
We have presented evidence that xpo1-1 cells are defective in the export of the small ribosomal subunit based on 5Ј ITS1 localization and on the defects in rRNA processing. However, the alleviation of the rRNA processing defect in xpo1-1 cells upon extended incubation at restrictive temperatures may indicate that XPO1/ CRM1 activity is not required directly for ribosome export. The xpo1-1 mutation mislocalizes Rna1 to the nucleus at restrictive temperatures (Feng et al. 1999 ) and the severe phenotype of the xpo1-1 strain may be a result of a disrupted Ran-GTP gradient. We did not detect nuclear accumulation of 5Ј ITS1 in other alleles of crm1 that have an NES protein export defect (data not shown). , c, e, g, i, k, m, o, q, s, u, w and 5Ј ITS1 localization is shown in b, d, f, h, j, l, n, p, r, t, v, x. (A) Importin ␣ mutant srp1-31 ⌬xrn1 and importin ␤ mutants pse1-1 ⌬xrn1 and mtr10-1 ⌬xrn1 were grown at permissive temperatures or shifted to 37°C for 3, 5, or 3 hr, respectively. These strains accumulate 5Ј ITS1 in the nucleolus at restrictive temperatures. (B) ␤ Mutants ⌬los1 ⌬xrn1 and kap104-16 ⌬xrn1 do not accumulate 5Ј ITS1 in their nucleus when shifted to 37°C for 4 hr. (C) xpo1-1 ⌬xrn1 cells accumulates 5Ј ITS1 in their entire nucleus when shifted to 37°C for 4 hr. Figure 9 . Localization of 5Ј ITS1 in strains possessing functional XRN1 exonuclease. Wild-type (XRN1), prp20-1, and xpo1-1 cells were shifted to 37°C to induce mutant phenotypes. 5Ј ITS1 was localized to the nucleolus (arrowheads) of wild-type cells at restrictive temperatures. 5Ј ITS was localized to the entire nucleus of prp20-1 and xpo1-1 cells, shifted to 37°C.
NES protein export activity does not appear to be required for ribosome export in higher eukaryotes as competition with excess NES protein does not result in decreased ribosome export (Fischer et al. 1995 ). An alternative interpretation for these data is that several transport pathways exist to export ribosomal subunits.
The export of the large ribosomal subunit was described in a recent report by Hurt et al. (1999) . This report assayed ribosome export based on the localization of the large ribosomal protein RPL25 tagged with Green Fluorescent Protein (GFP). RPL25-GFP localizes to the cytoplasm at steady-state conditions in wild-type yeast cells. After prolonged starvation, the cytoplasmic signal disappears as ribosome synthesis decreases. However, when synthesis is allowed to resume after a shift back to permissive temperatures, appearance of nuclear ribosomal protein is observed in mutants where export is, in principle, blocked. Using this assay, the Ran-GTPase regulators were also found to be important for export of RPL25 as well as the nucleoporins Nup49, Nic96, and Nsp1.
Using the sequence of incubation at the nonpermissive temperature followed by a shift down to permissive temperatures, we localized 5Ј ITS1 in nsp1, nic96-1, and nup49-313 strains and found that the 5Ј ITS1 rRNA shifted from a nucleolar localization at restrictive temperatures to an accumulation in the entire nucleoplasm upon shifting back to permissive temperatures (data not shown). In contrast, fal1-1, mtr10 − , nup84 − , nup2-4, or pse1-1 strains do not accumulate the 5Ј ITS1 RNA in the entire nucleoplasm upon shifting down to permissive temperatures (data not shown). One interpretation of these data is that certain factors are required for both ribosome assembly and ribosome export. For the nsp1, nic96-1, and nup49-313 strains, the shift to restrictive temperatures appears to affect ribosome assembly before the defect in ribosome export can be detected.
In contrast to our results, Hurt et al. (1999) reported that RPL25 export is not affected by the xpo1-1, pse1-1, nup84 − , or nop1-7 mutations. These differences may be attributable to the nature of the two different assays. Alternatively, the requirements for small subunit export may differ from those for export of the large subunit. The RPL25-GFP-based assay requires ribosomal protein import into the nucleus so that accumulation can be detected. The 5Ј ITS1-based assay is able to identify factors required for ribosomal assembly, but the RPL25-GFP assay cannot. Because inhibition of ribosomal assembly has been shown to result in the degradation of unassembled ribosomal proteins, unassembled RPL25-GFP is not expected to accumulate in the nucleus.
As previously mentioned, in the RPL25-GFP assay, cells were first shifted to restrictive temperatures to induce the mutant phenotype and then shifted back to permissive temperatures for new synthesis and detection of RPL25. We interpret the requirement for the shift back to indicate that lag times exist between ribosomal protein import, ribosome assembly, and ribosome export. Nuclear accumulation of RPL25-GFP and 5Ј ITS1 would occur if the rate of ribosome assembly was greater than the rate of ribosome export. We have observed that a significant fraction of nic96-1 and nsp1 cells accumulate the 5Ј ITS1 in their entire nucleus when ribosomal biogenesis is induced by transferring stationary phase cells to fresh media (Warner 1989 ; data not shown). Although we cannot quantify the rates of ribosome assembly and export based on these experiments, these observations are consistent with the idea that the rate of ribosome assembly can exceed the rate of export. Stimulation of ribosome biogenesis can result in a fivefold increase in ribosome production (Tushniski and Warner 1982; Powers and Walter 1999) , and it is conceivable that a yeast cell has a limited capacity for ribosome export. One limiting factor in ribosome export could be the large size of ribosomal subunits. A eukaryotic ribosome is ∼10 nm × 20 nm × 15 nm, whereas the diffusible channel of the NPC is ∼9 nm (Vershoor et al. 1998) . Drastic conformation changes in the NPC or the ribosome must occur for ribosomal subunits to translocate through the pore.
In summary, we have described a new assay to monitor ribosome assembly and export. Using this assay, we conclude that nuclear trafficking is a crucial requirement for ribosome assembly. We also conclude that ribosome export is dependent on a subset of nucleoporins and is Ran dependent. Future studies will determine precisely how export is affected by these proteins and identify other factors that facilitate ribosome export.
Materials and methods
Yeast strains
Standard yeast methods and media were used (Adams et al. 1997) . Yeast strains were generously given by the following laboratories: J.D. Aitchison (University of Alberta, Edmonton, Canada) (kap104), M. Clark (McGill University, Montreal, Canada) (prp20), C.N. Cole (Dartmouth Medical School, Hanover, NH) (rat1, rat2, rat3, rat5, rat6, rat7, rat8, rip1), J. de la Cruz (Universidad de Sevilla-CSIC, Sevilla, Spain) (dob1), G. Fink (Whitehead Institute for Biomedial Research, Cambridge, MA) (nup1, nup2), M. Fitzgerald-Hayes (University of Massachusetts, Amherst, MA) (cse1), A.K. Hopper (Pennsylvania State University College of Medicine, Hershey, PA) (rna1), E. Hurt (Biochemie-Zentrum Heidelberg, Heidelberg, Germany) (mex67, nop1, nup84, nic96, nsp1, seh1), M.E. Hurwitz (Rockefeller University, New York, NY) (nup82), M. Inouye (Robert Wood Johnson Medical School, Rutgers University, Piscataway, NJ) (nsr1), P. Linder (Universite de Geneva, Geneva, Switzerland) (fal1), M. Nomura (University of California, Irvine, CA) (srp1, rpa190), T.L. Ripmaster (Carnegie Mellon University, Pittsburgh, PA) (drs1, drs2, drs3), A. Stevens (Oak Ridge National Laboratory, TN) (YPH500, xrn1⌬), A. Tartakoff (Case Western Reserve University, Cleveland, OH) (mtr2, mtr4, mtr7, mtr10), K. Weis (University of California, Berkeley, CA) (xpo1), S. Wente (Washington University School of Medicine, St. Louis, MO) (gle1, gle2, nup49, nup100, nup116), F. Winston (Harvard Medical School, Boston, MA) (FY23 = PSY580), R. Wozniak (University of Alberta, Edmonton, Canada) (nup157, nup170), and R. Young (Whitehead Institute for Biomedical Research, Cambridge, MA) (rpb1) ( Table 2) .
Disruption of XRN1
The entire coding sequence of XRN1 was replaced by the URA3, troduced into different yeast strains by mating, sporulating, and dissecting tetrads (Adams et al. 1997) .
Localization of 5Ј ITS1 rRNA 5Ј ITS1 rRNA was localized by fluorescence in situ hybridization as described (Amberg et al. 1992 ) with some modifications. The template for the 5Ј ITS1 probe was 200 bp of rDNA amplified by PCR from yeast genomic DNA using the following primers: 5Ј-AATTTAATAATTTTGAAAATGGATTTT-3Ј and 5Ј-GAAACGGTTTTAATTGTCCTAT-3Ј. The digoxigenin-labeled 5Ј ITS1 probe was generated by PCR using this template DNA, the primers indicated, and digoxigenin-11-dUTP at a 1:4 ratio with dTTP. Yeast strains were grown to a density of 1 × 10 7 -4 × 10 7 and fixed with 4.4% formaldehyde for 90 min. Samples were hybridized to 50 ng/ml digoxigenin-labeled 5Ј ITS1 for 14 hr at 37°C.
Colocalization of 5Ј ITS1 and Nop1
For colocalization of 5Ј ITS1 rRNA with anti-Nop1 monoclonal antibodies, permeabilized cells affixed to a slide were blocked with 10 mg/ml BSA in 1× PBS. Anti-Nop1 antibodies were incubated with the cells for 4 hr at 23°C. After washing three times with 1× PBS, cells were treated with 3.7% formaldehyde in 1× PBS for 20 min. Slides were then treated as described by Amberg et al. (1992) starting with the triethanolamine incubation. Immunofluorescence microscopy was performed as described (Ferrigno and Silver 1999; Seedorf et al. 1999 ). For Figure  4B , images were acquired and processed on a DeltaVision platform. Data were collected in 100-nm sections, subjected to five cycles of derivative deconvolution (Agard et al. 1989) , and projected onto two dimensions for display.
Pulse-chase analysis of rRNA processing
Cells were labeled with [methyl-3 H]methionine, which is incorporated into ribosomal RNA but not into other forms of RNA. Cells were grown to a density of 1 × 10 7 -2 × 10 7 cells/ml in S.D. media lacking methionine (met − ) at 25°C. For temperature shifts <1 hr, an equal volume of media prewarmed to 50°C was added to the culture to initiate the 37°C shift. Cells were collected and resuspended in met − media at a density of 3 × 10 8 cells/ml in a volume of 3 ml. [ 3 H-methyl]methionine (0.2 mCi) (specific activity, >70 µCi/mmole; NEN) was added and cells were labeled for 3 min. After 3 min, 1-ml aliquots were added to 0.5 ml of S.C. media containing 3 mg/ml methionine. At time points of 0, 3, and 10 min of chase, samples were centrifuged, supernatants were removed, and the cell pellets frozen on dry ice. Cells were lysed by glass-bead disruption and RNA was extracted using Qiagen RNeasy columns. RNA was eluted with water and 25 nCi of each sample was loaded onto 1.2% agaroseformaldehyde gels. RNA was transferred to Hybond-N + membranes (Amersham) by vacuum blotting (Pharmacia-Biotech), UV-cross-linked, and sprayed with En 3 hance (NEN). Blots were exposed to film with an intensifying screen for 4 days at −80°C.
Separation of ribosomal subunits
PSY580 and prp20-1 strains were grown a density of 1 × 10 7 -2 × 10 7 cells/ml in met − media. 5 × 10 8 cells were resuspended in a volume of 1 ml of met − media and incubated at 37°C for 10 min. Cells were centrifuged briefly, resuspended in 1 ml of fresh met − media prewarmed to 37°C, and labeled with 0.25 mCi of [methyl- 3 H]methionine for 10 min at 37°C. Cells were collected, washed with 1 ml of ice-cold water, and frozen on dry ice. Cells were resuspended in buffer B [50 mM Tris (pH 7.5), 50 mM NaCl, 1 mM DTT; Foiani et al. 1991] with protease inhibitors (Sigma) and 200 units of RNase inhibitor (Roche). Whole cell lysates were prepared by glass-bead disruption and lysates were microfuged for 5 min at 4°C. Lysate (20 A 260 units) was loaded onto 10-ml 7%-25% linear sucrose gradients prepared in buffer B. Samples were centrifuged for 2.5 hr at 39,000 rpm at 4°C in a Beckman SW-41 rotor. The gradients were fractionated and monitored continuously for A 254 . Peaks corresponding to 60S, 40S, and soluble fractions were collected in a volume of 0.5 ml and RNA was purified using RNeasy columns (Qiagen). Twelve nanoCuries of the 60S and 40S fractions were run on 1.2% agarose-formaldehyde gels.
